Abstract. ErFeMn intermetallic alloy after exposure to high hydrogen pressure transformed into the ErFeMnH 4.7 hydride. Both parent material and hydride were investigated for their structural, electronic and magnetic properties by synchrotron XRD (x-ray diffraction), XANES (x-ray absorption near edge structure) and SQUID (superconducting quantum interference device), respectively. Hydrogenation did not change the structure symmetry but caused large expansion of the lattice parameters. Mn and Fe K-edge XANES study of the parent alloy and its hydride reveals that charge on both Mn and Fe atoms remains the same and slightly increases after hydrogenation. Hydrogenation of ErFeMn alloy also caused decrease in the magnetic moment. 
Introduction
Hydrogenation of alloys has attracted much interest in recent years due to their importance in both fundamental and application oriented research [1] - [5] . Many researchers focused on the synthesis and characterization of alloys which can accommodate hydrogen under moderate or high pressure conditions in their crystal interstitial sites to act as an effective storage container for hydrogen gas. According to the quantity and applied pressure of the hydrogen loading, the crystal lattice can expand considerably. Especially RM 2 (R-rare earth and M-transition metal) Laves phases are a very interesting class of materials as they show significant volume expansion, structural changes and varied magnetic properties upon hydrogenation. For these reasons they were studied by many researchers worldwide starting in the 1970s [6] - [10] . Magnetic properties are very much variant in these alloys and hydrides with different hydrogen concentration can be formed.
For example in the YMn 2 Laves phase the magnetic property of the compound is very much dependent on the Mn-Mn distance. The alloy is an itinerant electron antiferromagnet with Mn moment of 2.7 µB [11] . When it is hydrogenated in steps, hydrogen atoms will occupy the interstitial sites of the crystal lattice and change the crystal structure as well as the lattice dimensions [12, 13] . Depending on the concentration of hydrogen atoms in the alloy it will expand the cell parameters and change the Mn-Mn distance to a considerable extent which ultimately results in significant changes in the magnetic properties due to the critical nature of the Mn-Mn interatomic distance [13] .
Hydrogen induced structural and magnetic transformations in hexagonal ErMn 2 have been reported by Figiel et al [14] . In ErMn 2 they could not observe any magneto-volume effect because magnetic ordering is related to coupling between magnetic moments of Er, and no magnetic moment of manganese exists due to the Mn-Mn distance being smaller than the critical value. Upon H absorption the increase of the Mn-Mn distances causes the appearance of Mn moments which are coupled antiferromagnetically [14] . The structural and magnetic properties of ErMn 2 D 4.2 (D = deuteride) and ErMn 2 D 4.6 were studied by neutron diffraction by Makarova et al [15] . The magnetic structures of the ErMn 2 deuterides are very sensitive to the difference of H content: in ErMn 2 D 4.2 there are only short range order magnetic correlations whereas in ErMn 2 D 4.6 sharp magnetic peaks related to an antiferromagnetic structure are observed. This large difference of magnetic structures has been related to the influence of the D atoms on the Mn sublattice and to the large influence of the local hydrogen environment on the first neighbor Mn-Mn interactions.
Structural and magnetic properties of ErFe 2 hydrides were studied by several researchers [16] - [19] . Five different phases: α(x = 0-1), β(x = 1.25-2.0), γ (x = 2.25-2.75), 3 δ(x = 3.2-3.65) and ε(x = 4) were reported for the ErFe 2 H x hydride system. The ε phase shows a small rhombohedral distortion while other four phases retain their parent cubic structure [20] . Shashikala et al [21] indexed ErFeH 4 on the basis of cubic structure with a = 7.92 Å . But above x = 4 they could observe the biphasic hydride and stabilized this phase in pure orthorhombic form when x reaches 5 which was the first hydride in this system with orthorhombic structure. The crystal and magnetic structure of ErFe 2 H 5 were solved by neutron diffraction by PaulBoncour et al [22] showing a preferential D occupation in some interstitial A 2 B 2 and AB 3 sites and an Er order in a canted magnetic structure below 5 K.
The studies related to hydrogen influence on the properties of alloys between ErFe 2 and ErMn 2 have so far been limited to low hydrogen pressures [7, 23] , below the pressure range in which the orthorhombic [2] or novel cubic hydride [3] - [5] can be formed. We started therefore a systematic investigation of pseudobinary Laves alloys like R(Mn x Fe 1−x ) 2 under high hydrogen pressure in search of novel hydrides with possibly high hydrogen content. One of our goals is the determination of areas of existence of the orthorhombic ErFe 2 H 5 -based and cubic RMn 2 H 6 -based hydrides in the R(Mn x Fe 1−x ) 2 -hydrogen system. The first step was treatment of ErMnFe alloy under high hydrogen pressure and characterization of received hydride by synchrotron x-ray diffraction (XRD), x-ray absorption near edge structure (XANES) and superconducting quantum interference device (SQUID) to understand their crystal and electronic structures and magnetic properties.
Experiments
ErFeMn alloy was synthesized from pure metals (99.9%) by the arc melting technique on a water cooled copper hearth to get the high purity single phase alloy. Synthesized alloy was annealed in an evacuated quartz ampoule at 800
• C for five days to get good homogeneity. Metallic alloys were crushed into fine pieces to record XRD patterns.
Alloy was placed in a high pressure apparatus and heated at 100
• C in vacuum before hydrogen charging to remove any water molecules adsorbed on to the surface of the alloy. Hydrogenation was performed under 7 kbar hydrogen pressure at 120
• C. Hydrogen pressure was increased from subatmospheric pressure to 7 kbar very slowly over a period of 5 h. After reaching the maximum required pressure, vessel was heated to 120
• C and left for about three days. After completion of the experiments, the hydride was quenched and stored in liquid nitrogen, to prevent any hydrogen desorption. The hydrogen content, measured by elemental analyzer (Perkin Elmer 240), corresponds to the formula ErFeMnH 4.7 .
Synchrotron XRD experiments were carried out in the BL17A1 beam line (National Synchrotron Radiation Research Center (NSRRC), Taiwan) by using an ACCM Si(111) monochromator and with a wavelength of synchrotron radiation 1.3332 Å. The 2D XRD patterns were recorded by a curved Fuji imaging plate (20 × 40 cm 2 ) and read by a Fuji Bas2500 scanner. The integrated 1D patterns were processed by the FIT2D program. The diffraction angles were calibrated according to the NBS 640b standard sample Si powder. Structural refinements were made with x-ray data by using the GSAS program [24] . Magnetic susceptibility measurements were carried out between 5 and 380 K at an external field of 1000 Oe using a SQUID magnetometer (Quantum Design; MPMS-XL7). Complementary magnetic measurements were performed with a physical properties measurement system (PPMS-9, Quantum Design).
The Mn and Fe K-edge XANES measurements were recorded in transmission mode for the synthesized alloy and its hydride mounted on scotch tape, at the BL 17C Wiggler beam line (NSRRC) using a double-crystal Si(111) monochromator. The x-ray harmonic was rejected by mirrors. The ion chambers used for measuring the incident (I 0 ) and transmitted (I ) beam intensities were filled with a mixture of N 2 and He gases and a mixture of N 2 and Ar gases, respectively. Energy calibration was carried out by using the first inflection point of the spectrum of Mn and Fe metal foils as references (Mn K-edge: 6539 eV and Fe K-edge: 7112 eV). Reference spectra were simultaneously collected for each in situ spectrum by using Mn and Fe metal foils.
Results and discussion
The calculated and experimental room temperature XRD patterns of ErFeMn and ErFeMnH 4.7 are presented in figures 1(a) and (b), respectively. Since light hydrogen atoms have low x-ray scattering power, the pattern was refined assuming that only heavy Er, Fe and Mn atoms are involved in the diffraction intensity. The ErFe 2 crystallizes in C15 (MgCu 2 ) type cubic structure whereas ErFe 2 crystallizes in C14 (MgZn 2 ) hexagonal phase. In the present investigation ErFeMn XRD pattern was indexed in a cubic structure and the structure was refined on the basis of the Fd-3m space group by the Rietveld method. Crystal parameters, unit cell volume, atomic positions and reliability factors are presented in table 1. In figure 1(b) , the XRD pattern of ErFeMnH 4.7 shows a relative peak shift which corresponds to an increase of the unit cell parameter from 7.3771(13) Å for ErFeMn to 8.1176(22) Å for ErFeMnH 4.7 and relative volume expansion of about 30%. This means that in spite of high hydrogen pressure treatment, the lattice parameter and the concentration of hydrogen in the resulting hydride were only slightly higher from those for samples hydrogenated at much lower pressure (a = 8.004 and 4.6 H atoms per formula unit (p.f.u.)) [23] . It cannot be excluded, however, that part of hydrogen could desorb during the reduction of pressure at room temperature. In the C15 type structure three kinds of tetrahedral interstitial sites are available for hydrogen occupation: A 2 B 2 , AB 3 , and B 4 (see inset in figure 1(a) ) in which A 2 B 2 sites are more favorable for hydrogen bonding, so they should be filled first [25, 26] . In this investigation, the experiment was conducted at 7 kbar and compounds (when 3.5 x 4.5) in which rhombohedral or monoclinic distortion was observed, related to a more efficient hydrogen packing [27] . It is interesting that at comparable hydrogen concentration such distortion is not observed for hydride formed in ErFeMn, the alloy in the middle of the ErFe 2 -ErMn 2 system; only crystal parameters are largely extended which results in huge volume expansion. The absence of structural distortion is also an indication that the absorption of hydrogen occurs mainly into all available A 2 B 2 sites with little occupation in other AB 3 sites. Figure 2 (a) shows the Mn K-edge XANES spectra of ErFeMn and its hydride along with a Mn standard foil for comparison. Having a reference spectrum as a finger print at the absorption edge, it is possible to use it as a standard for oxidation state and site symmetry. K-edge XANES spectra are due to the excitation process of 1s core electrons to the higher 4p manifold electronic states. Additionally the difference between energy values corresponding to normalized absorption µ x near half-height usually indicates the change in oxidation state, but it should be considered that the comparison is applicable only when the atoms are present in the same or similar coordination environment [4] . However, in the present case, this point is located far above the Fermi level and the difference could originate from the interference of multiplescattering contributions at the neighboring atoms. Therefore, its shift can be more associated with the variation of the structure or large variation of the lattice constant (as observed from XRD), than with a change of the ion charge. Similar behavior was observed in the case of the Fe K-edge of ErFeMn and ErFeMnH 4.7 as shown in figure 3(a) . Thus the charges on Mn/Fe in ErFeMn are mostly the same as in metal foil and remain nearly the same or increase slightly upon hydrogenation, as follows from the behavior of the pre-edge peak. Figure 2(b) shows the second derivative function of the Mn K-edge for each ErFeMn alloy and ErFeMnH 4.7 . The zero crossing of the main absorption features which represents the inflection point energy was found to be 6539.13 and 6539.40 eV for the alloy and hydride respectively. Figure 3(b) shows the second derivative function of Fe K-edge for ErFeMn and ErFeMnH 4.7 and the respective inflecton point energy was found to be 7112.34 and 7112.85 eV. The decrease in the intensity and change of the shape of spectra was observed for ErFeMnH 4.7 in both the cases. According to dipolar selection rules, the K-edge corresponds to an electronic transition from the 1s core state to the empty p states. Thus the XANES spectrum probes the empty projected local electronic density of the p-state [10] . The Mn 4p states of ErFeMn are hybridized with partially filled Mn 3d states near the Fermi level which results in the appearance of a prominent peak in the preedge region. Therefore due to hydrogenation, hydrogen acted as an electron donor and filled up these empty 3d states and reduced the peak intensity as the number of hydrogen increased per formula unit. This action decreases the number of 3d holes and pushes the 3d band below the Fermi level resulting in drastic reduction of the pre-edge feature [28] . Additionally, the large cell volume increase of the hydride compared to the intermetallic, can also reduce the 4p-3d hybridization and therefore the prepeak intensity [10] .
The temperature dependent magnetic susceptibility (χ) and 1/χ versus temperature plots of ErFeMn are presented in figures 4(a) and (b), respectively. When the sample was cooled down from room temperature under magnetic field (1 kOe) we could observe the T c (Curie temperature) around 220 K from figure 4(b). Below T c the material transforms into a strong ferromagnet at 5 K which is supported by hysteresis loops measurement (figure 5). Two more hysteresis curves measured at 280 and 100 K are shown in figure 5 in which the alloy acts as paramagnetic and ferrimagnetic, respectively. It may be attributed that when the temperature is reduced from room temperature, Fe-Fe exchange coupling becomes stronger which results in strong ferromagnetic character of whole alloy. Even though Er and Mn have some amount of magnetic moment contribution to the net moment at room temperature, that is very low when compared to strong ferromagnetic nature of Fe. However, at low temperature, the Er moment is not negligible, since it should reach at least 8 µ B , if no crystal field effect is observed. Added to that, the Mn moment strongly depends on its critical Mn-Mn interatomic distance. Thus pronounced net Fe moment due to strong Fe-Fe exchange coupling imparts strong ferromagnetic character to this material. Moreover, the Er-Er and Er-Fe interactions are not negligible, ErFe 2 is a ferrimagnetic compound. Since half Fe is substituted by Mn atom, a random distribution of the coupling between the Fe and Mn moment should be observed. For zero field-cooled (ZFC) magnetization measurements, the sample was first cooled from room temperature to 5 K in a zero field. After applying the magnetic field of 1000 Oe at 5 K, the magnetization data were recorded in the warming cycle with the field on. For field-cooled (FC) magnetization measurements, the sample was cooled in an applied field of 1000 Oe (the same field as used for ZFC measurements) to 5 K and magnetization data were recorded in the warming cycle under the same field. The ZFC-FC magnetic susceptibility of ErFeMnH 4.7 at 1000 Oe, shown in figure 6 (a) indicates a strong decrease of the magnetic susceptibility compared with the parent intermetallic and a weak hysteresis effect, which reveals a drastic change of magnetic structure upon H absorption. In addition the strong difference between ZFC and FC curves (figure 4) may be an indication of some spin glass behavior.
The reverse susceptibility of 15 kOe as shown in figure 6 (b) can be fitted with a Curie constant of 15.8 emu mole Oe −1 , an effective moment of 11.2 µ B and a paramagnetic Curie temperature of 25 K. This means a paramagnetic behavior with an effective moment larger than that expected for Er (9.5 µ B ). A contribution of Fe and Mn effective moments should also contribute to this constant. This fact is supported by the hysteresis measurements at two different temperatures, 280 and 5 K, in which it is observed that the hydride appeared to be paramagnetic and weak antiferromagnetic, respectively (figure 7). Thus the hydrogenation of ErFeMn causes the huge reduction of magnetic susceptibility. Similar reduction in magnetic susceptibility has been observed on account of hydrogen insertion in YFe 2 hydride in our earlier studies [29] . The investigation of magnetic properties for YFe 2 hydrides suggested the initial increase of magnetization moments for x = ∼3 and the moment decreases further for higher values of x. The volume effect is observed for x = ∼3 with an increase in magnetization due to enhanced localization of the 3d orbitals of Fe. However for higher content of hydrogen the chemical role of hydrogen becomes dominant over the volume expansion effect resulting in the decrease of magnetic moment values. In this case the loss of magnetic moment for higher content of the hydrogen was attributed to increased Fe-H bonding. The calculations using local spin density functional theory supports the larger bonding with hydrogen. As hydrogen content increases, the bonding of Fe-H becomes more prevalent and becomes as large as the ferromagnetic contribution from Fe-Fe and drops to a minimum at the Fermi level as against E F observed in the case of the parent alloy. The spin pairing of Fe with H with increasing hydrogen content up to x = 5 results in the loss of the magnetic moment. In the present case, the loss of magnetic moment of ErFeMnH 4.7 may be related either to the filling up of the Fe/Mn conduction band by the additional hydrogen electrons, decreasing the DOS near the Fermi level, or to the weakening of Fe-Fe interaction due to the considerable enlargement of the lattice parameters as observed from XRD. Another important factor is the coupling tendencies between the magnetic moments which are reported as Mn-Mn: antiferromagnetic, Mn-Fe: antiferromagnetic and Fe-Fe: ferromagnetic [30, 31] . Based on this fact, the competing coupling tendencies results in a rapid drop in T c as well as overall magnetic moment. Cadavez-Peres et al [32] have studied the competition between ferromagnetic and antiferromagnetic interactions in Y(Mn 1−x Fe x ) 2 D 4.3 Laves hydrides and observed that for 0.1 < x < 0.85 there was a loss of long range magnetic order. Only short range order due to ferromagnetic and antiferromagnetic interactions were observed with a correlation length of 5 Å for x = 0.5. A similar behavior is therefore expected in ErFeMnH 4.7 .
Conclusion
ErFeMn alloy and its hydride ErFeMnH 4.7 (synthesized under high hydrogen pressure) were characterized by XRD, XANES and SQUID. XRD patterns show that both alloy and hydride are in a pure cubic phase. Rietveld refinement of XRD patterns shows considerable increase in lattice parameter which results in about 30% cell volume expansion due to the absorption of hydrogen into the interstitial sites of the crystal lattice. In spite of very high hydrogen pressure during the synthesis of the hydride we did not receive novel structure, nor orthorhombic (like ErFe 2 H 5 ) nor Fm3m cubic (like ErMn 2 H 6 ). However the lattice expansion and hydrogen concentration were higher than reported so far for hydride formation in this intermetallic compound. Mn and Fe K-edge XANES study of alloy and its hydride indicates that the charge on Mn/Fe metal atoms present in the hydrides are mostly the same as in metal foil and remain nearly the same or increase slightly upon hydrogenation, as follows from the behavior of the pre-edge peak. Magnetization measurement of ErFeMnH 4.7 by SQUID reveals that magnetic moment decreases to a larger extent after hydrogenation than in the parent compound. This is attributed to the weakening of Fe-Fe magnetic coupling and filling up of the Fe/Mn conduction band by electrons from hydrogen atoms.
